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ABSTRACT
Spectral and spatial distributions are calculated for astrophysical maser radiation that emerges from a
turbulent medium. Turbulent-velocity Ðelds are created by sampling from Kolmogorov-like distributions.
The maps of maser emission created in a turbulent medium appear as if the emission results from a
collection of isolated clumps moving with di†erent velocities, even though the physical quantities (other
than velocity) are constant within the medium. A detailed comparison is made with observational data
about the 25 GHz methanol masers in OMC-1. There is evidence that key simpliÐcations for the
calculationsÈunsaturated masing and uniform excitationÈare applicable for these masers. For the
actual Kolmogorov distribution, the images are smaller and more numerous than are observed. The
spectra also do not exhibit the observed irregularities. Velocity distributions that are somewhat steeper
than the Kolmogorov power law lead to calculated images and spectra that reproduce characteristic fea-
tures of the observations.
Subject headings : masers È turbulence
1. INTRODUCTION
A clumpy structure is often indicated by irregularities in
the proÐles as well as by the images for spectral line emis-
sion from molecular clouds and similar environments. Evi-
dence also exists for turbulence or waves in these regions. It
is natural to imagine that these may be related. Because of
their characteristic ““ exponential ampliÐcation,ÏÏ astro-
physical masers are especially sensitive to variations within
the medium, including the coherence of velocities along the
lines of sight. Observations of astrophysical masers fre-
quently indicate an extremely clumpy structure, as would be
expected. Correlations in the velocities of maser features
have been interpreted in terms of turbulence in the masing
cloud A limited e†ort has been(Walker 1984 ; Gwinn 1994).
made to understand the clumpy structure of circumstellar
OH masers using a small number of sinusoidal waves
(Deguchi 1982).
In the investigation here, we further examine the possi-
bility that clumpiness in maser radiation can be understood
in terms of turbulence. Turbulent-velocity Ðelds are created
by statistical sampling from Kolmogorov-like distributions
for the velocities. The calculational methods are similar to
those employed in our study of turbulence in a masing
accretion disk Watson, & Wyld For simpli-(Wallin, 1998).
city, we assume that the medium is uniform except in veloc-
ity and that the masers are unsaturated. A detailed
comparison is made with observational data about the 25
GHz methanol masers in OMC-1, for which there is reason
to believe that these simpliÐcations can be an adequate
description.
The calculational methods for creating the turbulent-
velocity Ðelds and for Ðnding the emergent intensities as a
function of Doppler velocity and location on the surface of
the masing volume are presented in Observational data° 2.
about the 25 GHz methanol masers are then summarized
Observational properties, which are compared with(° 3).
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the calculations to constrain and to infer information about
the uncertain parameters include the overall width and(° 4),
irregularity in the spectral distribution of the radiation from
the entire cloud of masing features, the number and sizes of
masing features, and the ampliÐcation factor for the strong-
est masing feature.
2. BASIC CONSIDERATIONS
2.1. Description of the T urbulent Velocities
The quantitative description of the methods for creating
the turbulent-velocity Ðeld have been presented in detail
elsewhere et al. and are essentially the same(Wallin 1998)
used recently by Narayan, & Phillips inDubinski, (1995)
the context of turbulence in molecular clouds.
Kolmogorov-like forms for the power spectra are utilized to
describe the velocities. As in the previous investigations, we
make the simpliÐcation that the turbulent velocity can be¿
tobtained from a vector potential A , which is strictly valid
only for an incompressible medium, The mean¿
t
\$ Â A.
square of the Fourier component of A for wavenumber k is
then
S o A
k
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where gives the Kolmogorov distribution. Here,b
e
\ 0 kminis introduced to prevent divergence at k \ 0. As standard
approximations, the probability distributions for the areA
ktaken to be Gaussian. To select a representative velocity
Ðeld from the statistically allowed possibilities (a
““ realization ÏÏ), the are obtained by sampling from theA
kGaussian distribution, utilizing a random number gener-
ator. Fast Fourier transform methods are then utilized
to create the velocity Ðeld from its Fourier components,
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where is 256 or 64, and the corresponding is 4 or 1N
p
max L
pfor direction p (\x, y, or z). The foregoing deÐnes the toA
kwithin a constant that is adjusted so that the projection of
the turbulent velocities along the line of sight has the
desired rms value for the entire volume.p
tThe calculation of the radiation depends only upon the
component of the velocity along the line of sight, which we
will designate simply as in the remainder of this paper.v
t
2.2. Formation of Spectral L ines
Consider now the formation of spectral line radiation for
masers in the presence of combined turbulent and thermal
velocities. The observed frequency l and the rest frequency
are related to the velocity t of the molecule projectedl0along the line of sight, according to the Doppler relation-
ship
v\ c(l0[ l)/l0 . (3)
The distant observer is located along a line of sight that is
considered to be parallel to the x-axis. Since the maser is
being treated as unsaturated, the intensity of the radiation
that emerges toward the observer from a (y, z) location is
determined from the optical depth q(v, y, z) for a ray
through the slab at Ðxed (y, z) and with frequency expressed
in terms of the Doppler velocity t. For simplicity, we adopt
the convention throughout this paper that the optical depth
for masing is positive. If grid points in most ofN
x
(N
x
\ 256
the computations here) are used along the x-axis in the
computation, then q can be expressed as
q(v, y, z) \
A q0
N
x
B
;
i
exp
C[(v[ v
t
i)2
vth2
D
4 q0 f (v, y, z) , (4)
where the sum is over the i locations in x (the grid points)
along the path of the ray at which the turbulent velocity is
determined, as described in Both the thermal disper-° 2.1.
sion in velocities and the excitation are taken to be con-vthstant throughout the slab. Thus, would be the opticalq0depth through the slab at the center of the spectral line
(v\ 0 ) when there is no turbulence ). In the presence(v
t
\ 0
of signiÐcant turbulence, the proÐle factor f (v, y, z) tends to
be irregular and may have several peaks. We designate the
f (v, y, z) for the most prominent of these peaks at each (y, z)
as and the velocity at which it is realized as .f
m
(y, z) v
m
(y, z)
It is convenient to describe the overall characteristics of the
maser slab by the value of the largest on the surfacef
m
(y, z)
of the slab, fmax\ max [ fm(y, z)].Values for and for the relative contribution to q(v, y, z)v
t
i
are presented in as a function of distance along theFigure 1
paths of representative rays. How the q(v, y, z) accumulates
in the sum in is thus indicated in asequation (4) Figure 1,
well as how this variation depends upon the power spec-
trum of the velocities. A qualitative change is evident in
as increases from zero (Kolmogorov). ThisFigure 1 b
ereÑects the decrease in the contribution of large-k (short-
wavelength) components, which cause more rapid spatial
variations, as the power spectrum becomes steeper. Addi-
tional illustrations of the variation of and withfmax fm(y, z)the relevant parameters and are given in The(b
e
p
t
) Table 1.
signiÐcant contributions to q that occur here form well-
separated locations and are examples of ““ aligned masers ÏÏ
& Watson(Deguchi 1989).
As would be expected, an increase in leads to ap
tdecrease in and to an increase in With thefmax fmax/fmin.
FIG. 1.ÈExamples of the variation of the Doppler velocity and the
in the sum for the optical depth q(v, y, z) (seefactor exp [[(v
m
[ v
t
i)2/vth2 ]as a function of distance (expressed in terms of grid points) alongeq. [4])
rays of maser radiation. In each example, the Doppler velocity is plotted
relative to the peak velocity for the particular path is represented byv
m
(v
mthe horizontal line). For the velocity, the distance between marks corre-
sponds to whereas it corresponds to 1 for the factor exp5vth, [[(vmCurves a correspond to the direction toward the brightest point[ v
t
i)2/vth2 ].of the map seed \ A), shown in Curves b correspond to the(b
e
\ 0, Fig. 3.
direction toward the brightest point of the map seed \ B) in(b
e
\ 0.16667,
Curves cÈe correspond to directions toward the brightest point, theFig. 3.
point with average and the weakest point of the mapf
m
, (b
e
\ 1.0,
seed \ B) in respectively.Fig. 3,
same optical depth along the brightest ray, the surface
brightness computed with the higher is clumpier. Forp
tequal values of clumps created in a realization withq0,higher tend to be less pronounced. The observed peakp
tintensity at location (y, z), expressed as a brightness tem-
perature depends upon according toT
m
, f
m
,
T
m
(y, z) \ Tbg exp [q0 fm(y, z)] (5)
in the unsaturated limit for a background radiation tem-
perature when spontaneous emission is ignored, as weTbgassume here. SigniÐcant variation in with location (y, z)f
mleads to a clumpy appearance in a map of the surface of the
rectangular slab. In addition, the can also vary appre-v
mciably with location (y, z) so that the peak of the maser line
occurs at di†erent velocities in di†erent clumps. Thus the
map of maser line emission created in a turbulent medium
TABLE 1
SELECTED RESULTS OF COMPUTATIONS FOR THE OPTICAL
DEPTHS OF MASING FEATURES IN A TURBULENT SLAB
be Seed pt/vth fmax q0,min q0,max
0 . . . . . . . . . . . . . B 1.53 0.69 . . . . . .
0 . . . . . . . . . . . . . B 9.71 0.20 56 76
0 . . . . . . . . . . . . . B 4.85 0.35 31 43
0 . . . . . . . . . . . . . A 5.02 0.34 30 42
0 . . . . . . . . . . . . . C 4.93 0.34 35 45
0.16667 . . . . . . B 4.67 0.40 25 35
0.16667 . . . . . . A 4.94 0.38 28 40
0.16667 . . . . . . D 4.96 0.39 26 36
0.33333 . . . . . . B 4.72 0.46 22 31
0.33333 . . . . . . A 5.12 0.42 25 35
0.66667 . . . . . . B 4.59 0.57 16 23
0.66667 . . . . . . A 5.14 0.56 17.5 25
1 . . . . . . . . . . . . . B 5.09 0.58 17 25
1 . . . . . . . . . . . . . A 5.00 0.59 16 24
NOTE.ÈSee text for deÐnition of parameters. ““ Seed ÏÏ is the
initial random number used in the generation of velocity Ðeld.
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FIG. 2.ÈIntegrated spectral line proÐles for the calculations with (a)
low optical depth, (b) a single prominent maser spot, (c) multiple prominent
maser spots, (d) intermediate case, and (e) the observed proÐle from
with the central velocity set to zero.JGSWWM
appears as if it is created by a collection of isolated clumps
moving with di†erent velocities, even though the physical
parameters (except velocity) are constant within the cloud.
Clumps become more pronounced with increasing q0,because the di†erences in the appearance [as measured by
depend exponentially on the di†erences inT
m
(y, z)] q0 fm(y,z) among the various locations. An increase in alsoq0reduces the sizes of clumps for similar reasons. In the limit
of very large a single peak dominates.q0,The magnitude of the optical depth can also greatly inÑu-
ence the observed spectral line proÐles obtained by inte-
grating T (v, y, z) over y and z. We designate this line proÐle
as the ““ integrated ÏÏ line proÐle. In the optically thin limit,
this line proÐle becomes essentially Gaussian, with a
breadth that corresponds to the dispersion in the turbulent
velocities width at e~1 of the peak]. Its[2(2)1@2p
t
\ full
center is at v\ 0. With increasing the inhomogeneitiesq0,in the brightness distribution become more prominent, and
the integrated spectral line proÐle deviates from a Gaussian.
Asymmetries and spikes can appear. In the limiting case of
very large the proÐle consists of a single spike at theq0, vmassociated with the The breadth of this spike is lessfmax.than that of the thermal velocity dispersion and would be
determined by the e†ects of saturation (which are not being
considered in the calculations here).
The sizes and distribution of maser features on the map of
the surface of the slab depend on the steepness of the power
spectrum of the velocities, as is evident in Just asFigure 2.
occurs along the paths of the rays in the turbulentFigure 1,
velocities change more rapidly in directions y and z, as well
as when the power spectrum becomes less steep. As(eq. [1])
a result, the clumps on the map become smaller and more
numerous. The integrated line proÐle exhibits more spikes.
3. 25 METHANOL MASERSGHz
The 25 GHz methanol masers were Ðrst detected by
Schwartz, & Waters They can be consideredBarrett, (1971).
as intense, interstellar, molecular masers since the bright-
ness temperatures of the strongest 25 GHz maser spots
exceed 2 ] 105 K et al. hereafter(Johnston 1992,
These masers are produced in the seriesJGSWWM). J2ÈJ1of transitions of the methanol molecule with E-type sym-
metry. The values of principal quantum number J for the
observed transitions range from 2 to 13 et al.(Wilson 1993).
The 25 GHz masers are observed in a number of sources
(see, e.g., et al. & MentenMenten 1986 ; Plambeck 1990 ;
& Batrla However, they are known to beMenten 1989).
quite strong only in OMC-1. Methanol maser emission
toward OMC-1 in the E series reaches its maximumJ2ÈJ1of about 100 Jy at J \ 6 Pankonin, & Landecker(Hills,
The maximum is not sharp, and emission in the1975). 52È51E and E lines have a Ñux that is comparable to that in72È71E line et al. Single-dish,62È61 (Hills 1975 ; JGSWWM).spectral line proÐles of these lines from OMC-1 are similar.
Although the early observations indicated the possibility of
time variability of 25 GHz masers et al.(Chui 1974 ; Barrett,
Ho, & Martin no such variability in the single-dish1975),
proÐles within observational uncertainties was detected in a
comprehensive study by et al.Menten (1988b).
Initial interferometric observations by et al.Matsakis
have shown that the methanol masers form a group(1980)
of spots which are distributed di†erently from or OHH2Omasers. Further interferometric observations of 25 GHz
methanol masers were carried out by withJGSWWM
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much higher spatial and frequency resolution. These
observations conÐrmed the general conclusions of Matsakis
et al. and provided observational data that is current-(1980)
ly the most reÐned. Our comparisons with the observations
are based mainly on the data. Further detailsJGSWWM
from the study that are relevant to our investi-JGSWWM
gation are described below.
The observations were performed with theJGSWWM
in D conÐguration, which provides a synthesizedVLA3
beam with a size (p.a. 18). The authors3A.31 ] 2A.71
obtained a 256] 256 pixel map with a pixel size of 1A. After
self-calibration and deconvolution, a spatial resolution of
order 1A was achieved. The channel separation was 0.15 km
s~1.
have detected 15 maser spots with the peakJGSWWM
Ñuxes in the line greater than about 3 Jy and a62È61““ confusing background level of emission at the 3 Jy
beam~1 level.ÏÏ Five maser spots appeared to be spatially
resolved. One of these had a total Ñux higher than 60 Jy.
The spectral line proÐles of individual maser spots were
single peaked with breadths in the range from 0.15 to 0.9
km s~1. Maser spots and the ““ background emission ÏÏ were
distributed in the crescent-shaped region located close to
(but distinct from) the infrared source IRc2 in Orion KL.
The region is about 40A long and about 10A thick. The
integrated spectral proÐles of the and lines62È61 52È51from the region were asymmetric, with the main peak at Vlsrof about 7.8 km s~1, a spike at about 7.3 km s~1, a blob at
about 8.3 km s~1, and a minor peak at about 9.7 km s~1.
Comparisons with the maps of the spectral line emission
due to other molecules brought to the conclu-JGSWWM
sion that the 25 GHz methanol masers arise from the high
column density gas located very near the interface of the
high-velocity outÑow from IRc2 and the surrounding dense
gas.
According to estimates, this region is likely to have a
hydrogen number density greater than 106 cm~3 and gas
temperature in the range from 50 to 140 K (see, e.g., Menten
et al. Irvine, Goldsmith, & Hjalmarson1988a ; Turner 1989 ;
1987 ; et al. Plambeck, & WilnerJohansson 1984 ; Wright,
A consideration of the pumping models for E1996). J2ÈJ1methanol masers & Strelnitskii(Strelnitskii 1981 ; Sobolev
has shown that they are1983 ; Sobolev 1993 ; JGSWWM)
pumped by a collisional-radiative mechanism (i.e., a col-
lisional source and a radiative sink of energy). This mecha-
nism is not sensitive to the value of kinetic temperature
within the quoted range but is rather sensitive to the hydro-
gen number density, with a strong preference for approx-
imately 106 cm~3. Comparing the values of hydrogen
number density in the ambient gas and in the maser sources
indicates that masing is not a result of density enhance-
ments. Hence, correlation paths in the turbulent medium
created by the outÑow from IRc2, not actual physical
clumps, are the likely cause of the 25 GHz methanol masers
in OMC-1.
4. MODEL OF THE 25 MASER SOURCEGHz
4.1. Basic Description
When the maser is completely unsaturated, the emission
in the maser line itself does not signiÐcantly inÑuence the
3 The VLA is operated by the National Radio Astronomy Observatory
(NRAO), which is a facility of the NSF, operated under cooperative agree-
ment by Associated Universities, Inc.
distribution of populations of energy levels. Hence, one can
assume that the rates of radiative processes participating in
pumping are ultimately determined by escape probabilities
in the pumping lines. For the case of the source in OMC-1,
these lines are likely to have optical depths of less than a few
et al. These are e†ectively(Turner 1991 ; Johansson 1984).
optically thin for the purposes here, and the escape prob-
ability can thus be approximated as constant within the
source. Estimates made in show that brightnessJGSWWM
temperatures of the bulk of 25 GHz maser spots are not
high enough to produce saturation. Hence, most of the
general characteristics of the 25 GHz methanol masers in
OMC-1 should be reproduced adequately with the approx-
imation of unsaturated masing. Further, the collisional-
radiative pumping mechanism for 25 GHz methanol masers
in OMC-1 discussed in the previous section chooses the
regions with similar densities and is independent of the dis-
tance to the external sources of infrared radiation. This
allows us to consider the pumping rate as being nearly
constant within the source.
We adopt the idealization that the source of maser radi-
ation is a rectangular slab seen edge-on, with dimensions of
40A ] 10A projected onto the Ðeld of view. The elongation of
the source along the line of sight is assumed to be equal to
its longer extension in the Ðeld of view. Such geometry cor-
responds to the hypothesis of that the source ofJGSWWM:
25 GHz methanol masers in OMC-1 is formed by the shock
front moving at right angles to the line of sight. In our
coordinate system, the radial direction (line of sight) corre-
sponds to the x coordinate, the direction of the longer
extension of the Ðeld of view is represented by the y coordi-
nate, and the direction of the shorter extension of the Ðeld of
view is represented by the z coordinate. The spacing
between points on the spatial grid used for the computa-
tions is constant, with 256 points in the x and y directions
and 64 in the z direction. For a source size of 40A ] 10A, the
spatial resolution in the computations is approximately 7
times better than the spatial resolution for the JGSWWM
observations.
A thermal breadth of 0.22 km s~1 is adopted (FWHM).
This value corresponds to a thermal breadth of the meth-
anol molecule at a kinetic temperature of 100 K. A velocity
resolution of 0.34 thermal breadths is used in the computa-
tions. With the adopted value of thermal breadth, this cor-
responds to a velocity resolution of 0.075 km s~1, which is
two times better than in the observations.JGSWWM
4.2. Integrated Spectral L ine ProÐles
As the Ðrst step in the comparison with the observations,
we calculate the total emission spectrum of the source by
integrating the brightness temperature T (v, y, z) over all
points in the Ðeld of view. Examples are given in Figure 2.
We have examined models obtained with increasingly
steep power spectra for the velocities beginning with b
eequal to 0 (Kolmogorov spectrum) and ranging up to b
eequal to 1. Values of the other parameters were chosen in
the following manner : With the speciÐed value of web
e
,
determined the value of for which the extent of the inte-p
t
,
grated emission spectrum in velocity agrees with the observ-
ational data. We have found that the agreement with
observations is achieved for a velocity dispersion that isp
tgreater than about 5 thermal breadths. At the same time it
was found that in models with higher velocity dispersion,
the individual proÐles of the stronger maser spots have
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multiple peaks. This is in conÑict with the observational
data. Our attention is thus restricted to models in which
intrinsic velocity dispersion is about 5 thermal breadths.
We have also used the integrated spectrum for assessing
whether the spatial resolution (the grid size) of our calcu-
lations is sufficient. For this, we calculate spectra by skip-
ping alternate grid points in all directions (i.e., x, y, and z). If
the spectra di†er by less than 10% from those computed
with velocities at all of the grid points, we regard the spatial
resolution as sufficient. That was always the case with the
prominent features described in our study.
One can see from that the spectra can be singleFigure 2
or multiple peaked. Some have characteristic features
resembling that of the proÐle obtained by If theJGSWWM.
value of is low, the spectrum is very close to Gaussianq0(see This can be considered as evidence that ourFig. 2a).
calculational scheme works properly, since the random
velocity Ðeld should produce a Gaussian proÐle in the opti-
cally thin limit. When increases, the relative contributionq0of the more prominent peaks increases. The integrated spec-
trum deviates from a Gaussian 2b and and multi-(Figs. 2d),
ple peaks appear in the case when some of the brightest
maser spots have comparable Ñuxes Quite often(Fig. 2c).
the spectrum has two prominent peaks and thus resembles
the spectrum of a source with internal rotation. With
increasing the peaks of the spectrum also become nar-q0,rower because of the increasing importance of the brightest
points.
Among the characteristics of the masers which could be
determined from our calculations are the values of optical
depth toward prominent maser spots. In order to delineate
these, subject to the speciÐed value of we have searchedp
t
,
for the range of in which the ratioq0 Tmax/Tbg \ exp (q0 fmax)varies from 4000 to 150,000. Here is the antenna tem-Tmaxperature of the strongest maser spot for the telescope with
beam (spatial resolution of data) and is a1A.1 JGSWWM
characteristic of the model. have found that theJGSWWM
brightness temperature of the strongest 25 GHz methanol
maser spot in OMC-1 is 2 ] 105 K when integrated over a
beam. With this value of the above range of1A.1 Tmax,corresponds to values of from 1.3 to 50 K.Tmax/Tbg TbgThese values cover the range of likely brightness tem-Tbgperatures for the background emission being ampliÐed by
the 25 GHz methanol masers in OMC-1. In theTable 1,
ranges of (i.e., are given, withinq0 q0,min\ q0\ q0,max)which varies from 4000 to 150,000. As can be seenTmax/Tbgfrom the values of the optical depth of the maser linef
m
,
toward the strongest maser spot is then in the range from 9
to 15.
The appearance of the spectrum for a particular calcu-
lation is determined by the random numbers that are the
basis for the particular realization of the velocity Ðeld. The
number of possibilities is enormous. It is impossible to
examine all of the possibilities and to search for the realiza-
tion that displays the best agreement with observations. We
have instead considered a total of about 40 di†erent realiza-
tions of the random turbulent-velocity Ðeld. Results of our
calculations for representative realizations are given in the
left-hand panels of Figures 4È7.
We have chosen two sets of realizations for presentation
here. Turbulent-velocity Ðelds within each particular set
were produced with the same value for the initial number
given to the random number generator. Within either of the
two sets (designated by their seed numbers ““ A ÏÏ and ““ B ÏÏ),
the smoothed velocity patterns show similarities. These
choices allow us to explore the two important cases : when
the spectrum is determined by multiple maser spots and
when it is determined by a single, prominent maser spot.
Although seed A leads to maps with several prominent
maser spots, for their integrated spectra exhibitb
e
\ 0.17
only one broad peak when the values of are compatibleq0with the requirement that IntegratedTmax/Tbg\ 150, 000.spectra from calculations with higher values of shown inb
e
,
the left panels of Figures and display asymmetry and4 5,
spikes, which are characteristic features of the observed
single-dish proÐles of and lines from OMC-1.62È61 52È51In this sense, our calculations are in agreement with obser-
vations when exceeds 0.17. It should be noted that theb
ecalculations with higher values of optical depth toward the
strongest maser spot reproduce the observed( fmaxq0[ 12)spectra better.
Spectra displayed in Figures and based on seed B (one6 7
dominant maser spot) exhibit a single peak in the integrated
emission spectrum. The breadth of this peak is in agreement
with that of the main peak of the observed spectrum when
the value of exceeds 0.17. Spectra of this set do notb
edirectly reproduce the characteristic features of the
observed proÐle. However, consideration of these is rele-
vant because sources of 25 GHz methanol maser emission
might consist of several independent slabs.
4.3. Maps of Peak Brightness Temperature
The second step in comparing the calculations with
observational data consists of producing maps for the peak
values of maser line emission. That is, fromT
m
(y, z)
is plotted versus y and z.equation (5)
Maps with di†erent values of for two sets of calcu-b
elations (multiple and single prominent maser spots) are
shown in The optical depths for the modelsFigure 3. q0correspond to the case when the ratio is 150,000. ItTmax/Tbgis clearly seen that the maps for lower values of (i.e., whenb
ethe spectrum of turbulent velocities is less steep) contain
more numerous features with smaller sizes. This reÑects the
fact that the distribution of the turbulent velocities is less
smooth when the spectrum of velocities is Ñatter and the
components at large k are more important. It should be
noted that the size of the bulk of maser spots tends to be
determined by the value of while the number of maserb
e
,
spots depends greatly on the particular realization of the
turbulent-velocity Ðeld. There are fewer features in the maps
that correspond to values of than the number ofb
e
Z 0.666
25 GHz maser spots observed by This con-JGSWWM.
strains the steepness of the turbulent spectrum in the part of
OMC-1 that is being considered. That is, if the maser source
represents a single slab, then the value in it should notb
eexceed 0.666.
To compare our calculated maps with the observational
data, we have smoothed our maps with a beam. The1A.1
resulting maps are shown in the central panels of Figures
In the maps which are obtained with lower values of4È7. q0(i.e., when the ratio is equal to 4000 ; see Figs. andTmax/Tbg 4the features have sizes which are substantially larger than6),
the observational sizes. Most of the features are merged.
This also is in conÑict with the observational data.
In Figures and we demonstrate that general agree-5 7,
ment between the appearance of the calculated map and
that of OMC-1 in the 25 GHz methanol maser line is
obtained when the optical depth in the calculations isq0
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FIG. 4.ÈIntegrated spectral line proÐles (left panels), maps Ðltered with beam (central panels), and line width vs. Ñux for the spots shown in maps (right1A.1
panels). These models have multiple prominent maser spots, and the antenna temperature of the brightest spot is Gray scale and contours have4 ] 103Tbg.the same meaning as in Fig. 3.
increased to (i.e., when the ratio is equal toq0,max Tmax/Tbg150,000). Indeed, maps of the calculated look likeT
m
(y, z)
collections of observed maser spots, mainly unresolved with
beam. Some of the spots are merged and formed into1A.1
elongated features. The number of spots is about the
observed number for the calculations, with less thanb
e0.666. Except for the prominent maser spots, a randomly
organized background at a Ñux level of about 0.03 of the
peak value is present in the map (the presence of a back-
ground at this level was reported by JGSWWM).
4.4. Relationship between Spectral L ine Breadth and
Brightness for Maser Spots
As a further step in comparing the calculations with the
data, we have placed the prominent maser spots in ““ ÑuxÈ
line width ÏÏ diagrams. These diagrams are shown in the
right-hand panels of Figures The line widths are the4È7.
FWHMs of line proÐles calculated toward the brightest
point of the spot. The Ñuxes are normalized to facilitate a
direct comparison with observations. The value of the Ñux
toward the strongest maser spot was assumed to be 100 Jy,
which is close to the observed Ñux. The diagrams show that
the spread in the line widths at a speciÐc value for the Ñux
decreases with increasing Ñux. This agrees with obser-
vational data. In all of the calculations that we have exam-
ined, the spectral lines from the brightest spots are rather
narrow (0.2È0.4 km s~1). This does not agree with the
observational data for which the line width of the brightest
spot is about 0.6 km s~1.
A detailed examination of this discrepancy is beyond the
scope of our paper. However, the most natural explanation
is in the simplicity of our idealization, most likely in the
assumption of completely unsaturated masing. According
to estimates given in emission from the strong-JGSWWM,
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FIG. 5.ÈSame meaning as except that the antenna temperature of the brightest spot is to These models also have multiple prominentFig. 4, 1.5] 105Tbg.maser spots.
est spots should reÑect somewhat the e†ects of saturation.
From the maser ampliÐcation of the background radi-° 4.2,
ation is likely to be a factor of approximately 105 for these
spots. Hence, their optical depth is about 12. When satura-
tion of the maser is completely ignored (as is done in our
calculations), the calculated spectral line breadth tends to
be narrower by a factor (optical depth)1@2^ 3.4 than the
line breadth of a fully saturated linear maser. Although this
factor is strictly valid only for a masing medium with a
linear geometry in which the velocity dispersion can be
characterized by a single Gaussian, it should be an adequate
guide to conclude that (if properly treated) the e†ects of
saturation can plausibly cause a factor of 2 increase in the
line breadths of the brightest maser spots. Introducing such
a factor in our diagrams leads to good agreement with the
observational data. A full calculation of the e†ects of satura-
tion in an inhomogeneous, three-dimensional medium
would represent a considerable advance over the current
calculation and over calculations in the literature.
5. CONCLUSIONS
The basic features of the 25 GHz methanol masers in
OMC-1Èthe images and the integrated spectral line
proÐleÈare generally compatible with the results of calcu-
lations for maser emission from a turbulent slab of gas.
Together with similar conclusions about the water masers
in a circumnuclear accretion disk et al. this(Wallin 1998),
suggests that velocity Ðelds alone can be the cause for much
of the clumpy appearance of astrophysical masers and,
perhaps, of spectral line emission from molecular environ-
ments in astrophysics in general. Independent evidence
exists for turbulence, or at least for collections of waves that
would be expected to have a similar inÑuence on the radi-
ative transport. A signiÐcant role for variations in other
relevant properties (e.g., excitation, temperature, density, or
chemical composition) cannot, however, be excluded. It is
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FIG. 6.ÈSame meaning as except that these models have a single prominent maser spot. The antenna temperature of the brightest spot correspondsFig. 4,
to 4 ] 103Tbg.
likely that the chief deÐciency in our calculations for the 25
GHz methanol masersÈinsufficient breadth for the spectral
lines from the more intense, individual masing featuresÈis
a result of our simpliÐcation to completely unsaturated
masing. E†ects of saturation will broaden the spectral lines.
Comparisons between the observations and the calcu-
lations do restrict the parameters that describe the 25 GHz
methanol masing in OMC-1. The velocity dispersion for the
turbulence is about 1 km s~1 (rms), and the magnitude of
the optical depth is about 12È15. The slab of masing gas is
considered to be in the region of interaction between the
outÑow from the young stellar object and the ambient
medium and is to be viewed edge-on. When viewed from
other angles, the maser radiation would thus be much less
intense. This would be consistent with the observation that
bright 25 GHz methanol masers are rare. The remaining
parameter in the calculations, in addition to the rms turbu-
lent velocity and the optical depth measures thep
t
q0,
dependence of the spectral distribution for the velocities on
the wavenumber k and is expressed as inb
e
equation (1).
The requirement that the spectrum of maser radiation inte-
grated over the surface of the masing cloud exhibit signiÐ-
cant deviations from a smooth Gaussian stipulates that
and hence that decrease faster than Kol-b
e
[ 0.17, S o ¿
k
2 o T
mogorov, with increasing wavenumber, by at least a factor
of k1@3. In contrast, the number of masing features on the
surface of the slab will be too few unless Thus, theb
e
\ 0.67.
ratio of the inferred from the calculations to that forS o ¿
k
2 o T
Kolmogorov distribution is between k~1@3 to k~4@3.
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FIG. 7.ÈSame meaning as except that these models have a single prominent maser spot, and the antenna temperature of the brightest spot isFig. 4,
1.5] 105Tbg.
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